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INVESTIGATING REORGANIZATION OF THE MOTOR CORTICES 
FOLLOWING STEM CELL THERAPY IN A NON-HUMAN PRIMATE MODEL 
OF CORTICAL ISCHEMIA 
KEVIN R. ARNDT 
ABSTRACT 
 
 Prior work demonstrated that impairments in fine motor function produced by a 
controlled ischemic lesion in monkey primary motor cortex were ameliorated by 
treatment with a cell drug product, CNTO 0007.  This drug contains human umbilical 
tissue-derived cells, in a proprietary thaw and inject formulation. Brain tissue sections 
from subjects with and without CNTO 0007 therapy were processed 
immunohistochemically to identify neurons expressing c-Fos as a marker for neuronal 
activity. Neurons expressing c-Fos were quantified using unbiased stereology. The 
number of c-Fos positive neurons in dorsal pre-motor cortex ipsilateral to the lesion were 
greater in treated animals but only approached statistical significance. These findings 
suggest that cortical reorganization in the dorsal pre-motor cortex may underlie the 
observed functional recovery.  However, c–Fos expressing neurons in other motor areas, 
such as the ventral pre-motor cortex, remain to be studied.  
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INTRODUCTION 
Stroke Statistics 
Approximately 795,000 Americans experience a new or recurring stroke every 
year and in 2009 stroke caused approximately one of every 19 deaths in the United States 
(AHA Statistical Update, 2013). According to the World Health Organization (WHO) 
worldwide 15 million people suffer from a stroke each year, of which 5 million die and 
another 5 million are left permanently disabled (Mensah, 2004) Of all strokes, 87% are 
ischemic strokes, 10% are intracerebral hemorrhagic strokes, and 3% are subarachnoid 
hemorrhage strokes. Stroke incidence increases when patients present with one or more 
of the known risk factors including: high blood pressure, Diabetes Mellitus, high blood 
cholesterol, cigarette smoking, physical inactivity, kidney disease, or genetic influences. 
Also, age is a significant risk factor for stroke, with the median age for stroke patients 
being 75 years old for women, and 71 years old for men (AHA Statistical Update, 2013). 
All of these risk factors, alone or in combination can lead to an increased incidence of 
stroke. Additionally, survivors of a stroke, currently 50 million worldwide, have a 
significantly increased risk to experience subsequent vascular complications and new 
vascular incidents including future strokes (Alexandrova et al., 2005).  
Stroke is the leading cause of long term disability in the United States. ,Following 
a stroke, 24% of patients discharged from the hospital require inpatient rehabilitation and 
another 31% of patients are discharged to nursing facilities or require home healthcare 
services. Up to 6 months following a stroke 50% of patients aged 65 and older suffer 
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from hemiparesis (weakness to one side of the body), 46% had cognitive deficits, and 
26%  required assistance for activities of daily living (AHA Statistical Update, 2013). 
Types of Strokes 
There are two main categories of stroke, ischemic and hemorrhagic. In an 
ischemic stroke a clot or thrombus interrupts the blood supply to the brain by blocking 
the cerebral blood flow to a brain region. There are two subtypes of ischemic stroke, a 
thrombotic stroke and an embolic stroke. In a thrombotic stroke, a thrombus forms over 
time and occludes the cerebral vessel. A thrombus can occur when plaque that has 
formed on the intima of a blood vessel accumulates and begins to obstruct the flow of 
blood through the vessel. The thrombus can grow accumulating platelets and plaque and 
then block the vessel, causing ischemia to the neural tissue that it supplies. In an embolic 
stroke, a thrombus from a distant source that has broken loose into the lumen of a distant 
blood vessel travels to the cerebral vasculature and becomes lodged in a narrower 
cerebral vessel thus obstructing the flow of blood (Hinkle and Guanci 2007). 
A hemorrhagic stroke occurs when a cerebral vessel bursts resulting in bleeding 
into the brain parenchyma or the subarachnoid space. In an intracerebral hemorrhage, 
bleeding occurs directly into the brain parenchyma. Bleeding may occur through leakage 
from small intracerebral arteries that have been damaged by chronic hypertension. In 
addition to hypertension, advanced age, previous history of stroke, anti coagulant 
therapy, arteriovenous malformations, alcohol abuse, and cocaine abuse are other factors 
that may place a patient at a higher risk for a hemorrhagic stroke. However, the rupture of 
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an aneurysm (a focal dilation of an artery) in the cerebral arteries is the most common 
cause of a hemorrhagic stroke (Liebeskind, 2013).  
In addition to the intracerebral hemorrhagic stroke, a subarachnoid hemorrhage 
(SAH) may occur as a result of a hemorrhagic stroke. A subarachnoid hemorrhage occurs 
when there is bleeding into the subarachnoid space between the arachnoid mater and the 
pia mater surrounding the surface of the brain. As a result of blood pooling in this region, 
patients suffering from a SAH will have elevated intracranial pressure, acute 
vasoconstriction, microvascular platelet aggregation, and loss of microvascular perfusion, 
resulting in widespread cerebral ischemia (Liebeskind, 2013). Due to the various and 
widespread complications associated with a hemorrhage in the brain parenchyma or 
subarachnoid space, patients suffering of a hemorrhagic stroke typically have a much 
poorer prognosis and higher mortality rates when compared to patients who suffer an 
ischemic stroke. The prognosis of patients with a stroke varies depending on the severity 
and location of the stroke or hemorrhage. Physicians utilize the Glasgow Coma Scale 
(GCS) to assess the severity of a patient’s stroke; a lower score on the GCS is associated 
with a poorer prognosis, and a higher rate of mortality (Liebeskind, 2013).  
The poorer prognosis from a hemorrhagic stroke when compared to ischemic 
strokes is due to the state of ischemia that occurs downstream of the hemorrhage in 
combination with the deleterious effects of blood coming in contact with neural tissue, 
causing more damage and neuronal cell death. During a stroke the occlusion or disruption 
of the cerebral vasculature creates a state of ischemia in a region of the brain. This state 
of ischemia starts a cascade of cellular events that will lead to the apoptosis and necrosis 
	  4 
of neurons unless there is reperfusion of the cerebral vasculature, and the state of 
ischemia ceases. 
How a Stroke Damages the Brain 
Shortly after occlusion or rupture of an artery in the brain, changes occur in the 
neurons and glia in the affected region. Changes are dependent upon the severity and 
duration of the ischemia. Regardless, the earliest changes involve neurons being deprived 
of glucose and oxygen. Because there is such limited overlap between perfusion 
territories of cerebral arteries, occlusion of a cerebral vessel will cause ischemia in the 
tissue surrounding the vessel with blood flow falling below 20% of normal for this tissue 
(Sims and Muyderman, 2010). The resultant disruption of oxygen and glucose delivery to 
the neuronal tissue reduces the generation of ATP. This reduction of ATP reduces or 
eliminates the Na+/K+ ATPase pump activity and therefore ionic gradients across the 
neuronal plasma membrane are not maintained and quickly dissipate. With the loss of the 
ionic gradient, potassium rapidly leaves the cell, and sodium and calcium quickly diffuse 
into the cell. 
The inability of cells to maintain ATP production and the associated redistribution 
of ions across the plasma membrane controlled by the Na+/K+ ATPase pump does not 
immediately produce irreversible damage to neural cells (Sims and Anderson, 2002). 
However, these cellular impairments are incompatible with long-term cell survival and a 
prolonged deficiency of glucose and oxygen is likely the cause of the majority of cell 
death in the focal ischemic region. With the failure of the Na+/K+ ATPase pump and 
influx of Ca2+, cells experience uncontrolled release of neurotransmitters from their 
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synaptic terminals. Excess release of neurotransmitter, especially glutamate, can lead to 
excitotoxicity; furthermore, the failure of glutamate reuptake transport pumps that 
function in an ATP-dependent manner can magnify the effects of excitotoxicity. The 
uncontrolled release of excitatory neurotransmitter, paired with the failure of glutamate 
reuptake transporters can lead to the formation of lesions (Lipton, 1999). 
In addition to damage due to deficient glucose and oxygen, the release of 
cytochrome c from the mitochondria of cells could be involved in triggering an apoptotic 
cascade that exacerbates the lesion. Mitochondria often play a central role in regulating 
apoptosis and are involved in pro-apoptotic and anti-apoptotic signals. When there is a 
predominance of pro-apoptotic signals acting on the mitochondria, proteins are released 
from the intermembrane space, cytochrome c being one of them (Sims and Anderson, 
2002). Once released from the mitochondrial intermembrane space, cytochrome c 
interacts with other proteins in the cell’s cytoplasm to activate the caspase family of 
proteases, which results in the breakdown of DNA into oligonucleosomal DNA and 
initiates the apoptotic cascade.  
The area surrounding the direct ischemic infarct, the “penumbra” develops in 
which the neurons suffer from a moderate reduction in blood flow; however, due to 
perfusion of blood from adjacent vessels, neurons in the penumbra are viable, but may be 
functionally impaired (Sims and Muyderman, 2010). Neurons in the penumbra are 
electrically silent for long periods of time due to hyperpolarization of the plasma 
membrane. The penumbra region has a variable outcome, if blood flow is not restored to 
the tissue within a relatively short time period (a few hours) tissue damage will begin to 
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occur in the penumbra. Many interventions during the initial hours following the onset of 
a stroke can reduce infarct volume, particularly in the penumbra, and thus irreversible 
damage develops relatively slowly in the penumbra region. With reperfusion however, 
there exists the potential for the rapid build up of reactive oxygen species (ROS) that can 
lead to oxidative stress in the cell’s cytosol and mitochondria (Cherubini et al., 2005). 
Oxidative Stress and Inflammation and their Effects on Neuronal Cell Death 
Oxidative stress is a state of imbalance between free radical production and the 
ability of a cell or organism to defend against the produced ROS. The build-up of ROS 
leads to oxidative stress resulting in cellular damage (Alexandrova et al., 2005) and 
oxidative stress has been recognized to play an important role in the pathogenesis 
following acute onset ischemic stroke. The formation of free radicals and subsequent 
oxidative damage during stroke is a likely factor that determines the severity of a stroke. 
During an acute ischemic stroke, the uptake of oxygen to neurons is insufficient to 
maintain the oxidative metabolism of the affected tissue, causing metabolic changes that 
can lead to neuronal cell death due.  
During an ischemic episode, the vascular endothelium releases nitric oxide (NO) 
that acts as a vasodilator, in an attempt to limit damage by dilating blood vessels to 
increase local blood flow (Duncan and Heales, 2005). However as ischemia progresses 
NO may begin to have negative effects on the neural tissue and lead to cell death. In low 
concentrations (nanomolar range), NO starts to compete with oxygen to reversibly inhibit 
cytochrome c oxidase that can cause disruption of mitochondrial respiration and ATP 
formation (Brown, 1999). In higher concentrations, NO can cause irreversible 
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modifications to proteins and lipids, permanently impairing the mitochondrial respiration. 
In high concentrations NO reacts with superoxide anions (O2-) to form peroxynitrite 
(ONOO-), which can directly produce damage, or be converted to other strong oxidants 
including the hydroxyl radical. Peroxynitrite damage is targeted to the electron transport 
chain and ATP synthetase; damage to these enzymes directly impair or prevent 
respiration (Sims and Anderson, 2002).  
 Excess build-up of NO will also lead to inflammatory and cytotoxic effects that can 
exacerbate neuronal cell death. NO may react with the superoxide anion to produce 
(ONOO-) that can be further pronated to form peroxynitrous acid that is highly reactive. 
Peroxynitrous acid can directly cause damage to the brain, or through reactions with 
biological molecules, it can also be converted into ROS such as hydroxyl radicals 
(Beckman, 1994). 
With rapid reperfusion or restoration of blood flow, free radicals can form from 
the mitochondria including superoxide anoions (O2-) and hydrogen peroxide that can be 
converted to the highly reactive hydroxyl radicals (Sims and Anderson, 2002). These free 
radicals may then react with unsaturated lipids of cell membranes generating lipid 
peroxide radicals, lipid hydroperoxides, and fragmentation products like 
malondialdehyde (MDA) (Cano et al., 2003). The brain is particularly sensitive to 
oxidative stress due to the high concentration of polyunsaturated fatty acids that are 
vulnerable to peroxidation by free radicals, in addition to a high concentration of these 
fatty acids, the brain has a significantly low concentration of antioxidant enzymes 
compared to the rest of the body (Cherubini et al., 2005). To combat the effects of ROS, 
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the body utilizes endogenous proteases such as mitochondrial superoxide dismutase 
(mSOD) which is an enzyme responsible for removing superoxide free radicals.  
Studies conducted in rodent models of ischemia have shown that mice with a 
genetic knockout for the enzyme mitochondrial superoxide dismutase (mSOD) suffered 
from larger brain lesions following an ischemic insult, while transgenic mice with an 
over-expression of this enzyme presented with a markedly smaller lesion size (Keller et 
al., 1998; Murakami et al., 1998). Results from these studies demonstrate that the 
profound effect that oxidative stress can have on lesion size following an ischemic stroke. 
There have been several proposed mechanisms of free radical and ROS build-up 
as a result of a cerebral hemorrhage or hemorrhagic stroke. With the rupture of blood 
vessels in a hemorrhagic stroke, the extra-vascular space is filled with blood causing 
direct tissue damage and compression of the neural tissue due to the increased 
intracranial pressure (ICP). This increase in ICP impairs cerebral perfusion, which in turn 
can result in widespread cerebral ischemia. Damage can be magnified by the delayed 
presence of toxic substances from blood-breakdown products, and a delayed 
inflammatory response (Cherubini et al., 2005). In addition, large amounts of iron that are 
released following the hemorrhage and lysis of red blood cells can lead to increased 
production of free radical products in the brain (Wu et al., 2002; Sandeep, 2000). In 
addition to the damage caused by free radicals, free iron acts as an electron acceptor, and 
inhibits the passage of electrons through the electron transport chain therefore inhibiting 
mitochondrial respiration (Sandeep, 2000). 
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In addition to oxidative stress, inflammatory reactions following an ischemic 
stroke contribute to further damage of the neural tissue. Following an ischemic insult, 
during reperfusion, proinflammatory genes are expressed and inflammatory agents are 
released (Lipton, 1999). Inflammation in stroke is mediated by multiple factors, from 
molecular components including cytokines, chemokines, and growth factors to cellular 
components including leukocytes and microglia (Alexandrova et al., 2005). Both these 
cellular and molecular components have pro and anti-inflammatory effects that can 
benefit or harm neural tissue following an ischemic stroke. An inflammatory response is 
accompanied by the activation of leukocytes, neutrophils, macrophages platelets, and 
endothelial cells leading to excessive production of ROS, and therefore, oxidative stress 
and further tissue damage (Alexandrova et al., 2005; Cherubini et al., 2005).  
Glia can also contribute to an inflammatory response following a stroke. When 
activated, glia can produce high levels of NO, which can kill neural tissue under 
conditions of hypoxia, like that seen in the region of an ischemic infarct (Lipton, 1999). 
While the majority of acute inflammatory markers gradually decline following the onset 
of a stroke, some factors remain at an elevated concentration for up to three months, but 
return to normal levels in approximately 12 months following an ischemic stroke. This 
enhanced concentration of inflammatory factors can lead to subsequent vascular insults 
(Emsley et al., 2003). 
Brain Recovery Following Ischemic Damage 
The functional impairment observed following a stroke varies from patient to 
patient and is based upon the location of the infarct and severity of the neural damage. It 
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has been demonstrated in animal models of stroke, and in human stroke patients that 
rehabilitative tasks can lead to significant improvement in motor function over a period 
of several months up to a year following a stoke (Frost et al., 2003; Calautti and Jean-
Claude Baron, 2003). In humans, though complete recovery of function to pre-stroke 
levels is rare (Gowland, 1987), spontaneous recovery does occur to varying degrees and 
recovery of motor function is related to a biological change in the brain during the 
recovery phase following a stroke. 
The central nervous system (CNS), when compared to the peripheral nervous 
system (PNS) has a very limited ability to generate new neurons, or repair damaged and 
dying neurons. This failure of neural regeneration is due in part of the inhibitory factors 
that are released into the brain parenchyma by glia (Yiu and Zhigang, 2006). Following 
CNS damage, damaged oligodendrocytes can release myelin-associated inhibitors that 
will impede neuronal and axon growth and repair. In addition, reactive astrocytes in the 
region of a brain lesion begin to form a glial scar that can act as a barrier to neuronal 
regeneration or re-growth of axons (Yiu and Zhigang, 2006). As a result of these 
inhibitory factors, re-growth and repair of damaged neurons in the CNS is a rare 
occurrence, and an unlikely mechanism to explain the recovery of function that is 
observed in both animal models and human patients recovering from a stroke. 
In terms of plasticity, it is well established from previous research that animals 
housed in enriched environments with toys and various activities will develop more 
dendritic branching and form synapses, creating a more complex neural network than 
animals that are housed in standard cages (Volkmar and Greenough, 1972; Torasdotter et 
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al., 1992; Rosenzweig, 1966). Neuroplasticity is defined as a change in neural pathways 
and synaptic changes that result from changes in behavior, neural processes, or as a result 
of brain injury (Pascual-Leone et al. 2011). Neuroplasticity has also been observed in 
conditions of changing experiences, and sensory input, where learning and experiences 
can change areas of cortical representation (Johansson, 2000). Cortical maps have also 
shown plasticity and reorganization following a lesion in both humans, and animal 
models (Kaas, 1991; Pons et al., 1988; Seitz et al., 1995). It has also been found that 
repetition of skilled movements will result in an enlarged cortical representation map for 
the muscles involved in the movement (Elbert et al., 1995). Neuroplasticity is a common 
and natural event that result from experiences, learning, or as a compensatory 
mechanism. Much like an experimental lesion, an ischemic stroke results in a focal 
ischemic region where all of the surrounding tissue can be damaged, and a surrounding 
area of vulnerable, but surviving tissue (penumbra). Regardless of the extent of the 
damage, much like the experimental lesion studies conducted with animal models that 
have demonstrated reorganization of the cortex and neural plasticity following a lesion, 
cortical reorganization presents itself as a possible biological mechanism behind the 
functional recovery in motor function following a stroke in both humans and animal 
models.  
Research in animal models of ischemia, and in neuroimaging studies in humans 
suggest that recovery of motor function can be related to functional reorganization of the 
cortex (Johansson, 2000; Nudo and Milliken, 1996; Frost et al., 2003). Following a 
localized ischemic lesion to the hand representation area of primary motor cortex (M1) in 
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squirrel monkeys, cortical mapping revealed that the hand representation area had 
relocated to the pre-motor cortex (Brodmann's area 6) (Nudo and Milliken, 1996; Frost et 
al., 2003). While in humans, neuroimaging studies using PET and fMRI imaging have 
indicated changes in the pattern of activation while performing a motor task during 
recovery following a stroke (Johansson, 2000). Both the cortical mapping studies in 
squirrel monkeys, and imaging studies performed in human subjects suggest that there is 
a link between functional recovery of motor function and cortical reorganization or 
plasticity in the brain.  
There are several possible mechanisms that may be involved in neuroplasticity. In 
the hippocampus, there exist activity-dependent synaptic changes that either build more 
synapses in the event of high activity, or prune synapses back in the event of low synaptic 
activity; these events are called long-term potentiation (LTP) and long-term depression 
(LTD) respectively (Bear and Malenka, 1994). The occurrence of LTP and LTD are 
thought to be the neural basis of how information is stored in the mammalian brain, and 
how long term learning is achieved. Dendritic spines that receive the majority of 
excitatory synaptic activity also experience plasticity, and are constantly being modified 
and created (Johansson, 2000). 
Following a brain lesion there have been changes in other regions of the brain 
documented over different post-lesion times, from minutes to months following a lesion. 
These observed changes might be the result of many different factors including: 
differentiation, removal of inhibitory signals, activity dependent synaptic changes, 
growth of new connections, or the unmasking of preexisting connections (Hallett, 1999). 
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Studies involving creating cortical lesions in rats have shown that lesions can induce 
dendritic branching in the contralateral hemisphere to the lesion, with dendritic plasticity 
continuing up to 3 weeks following the lesion. If animals were prevented from using their 
unaffected forelimb, both the functional recovery and cortical changes were inhibited 
(Jones and Schallert, 1992; 1994). Ohlsson and Johansson (1995) reported that 
postoperative environment has an influence on the recovery of function in rats following 
experimental brain lesions. Following an experimental brain lesion, rats that were housed 
in an enriched environment with other rats and activities had much better outcomes than 
rats that were housed in standard laboratory housing (Ohlsson and Johansson, 1995). It 
has been hypothesized that the beneficial effects of enriched housing and interaction with 
other rats may have caused increased production of neurotrophic factors, which are 
peptides that promote neural survival (Johansson, 2000). In stroke, neurotrophic factor 
and nerve growth factor synthesis have also been associated with increased neuronal 
survival following an ischemic stroke, reducing infarct volume and promoting cell 
survival (Johansson, 2000). 
In addition to environmental and usage dependent cortical plasticity, studies have 
shown that transplantation of neural stem cells into the host brain following a cortical 
lesion has beneficial effects (Johansson, 2000). Transplanted neural stem cells interact 
with the host tissue by releasing neurotrophic factors that can have a neuroprotective 
effect, thus preventing further neuronal death. Studies have shown that transplantation of 
neural stem cells in conjunction with enriched housing environments lead to significant 
	  14 
improvement in functioning and improved scores during behavioral motor testing 
(Grabowski et al., 1995).  
These studies show that cortical reorganization is a common phenomenon during 
recovery from cortical lesion and ischemic infarct. Through therapeutic usage of affected 
limbs or addition of enrichment in animal lesion studies, improved recovery outcomes 
have been observed. Also, the upregulation of neurotrophic factors either by enrichment 
of environment or through the introduction of neural stem cells following a lesion have 
shown to greatly improve the outcomes in animal models and lesion studies.  
Cortical Plasticity and Recovery of Function 
Immediately following an ischemic infarct to the primary motor cortex (M1) 
noticeable deficits in motor function occur on the contralateral side of the body. Th 
deficit in motor function persists for weeks to months following the ischemic infarct. 
However, after two months of post-operative motor testing in squirrel monkeys, motor 
performance had returned to pre-stroke levels (Nudo and Milliken, 1996). In these 
experiments, animals were given local cortical ischemic strokes to the primary motor 
cortex (M1) in the distal forelimb representation area. During the surgical procedure, 
researchers mapped the cortex using intracoritcal microstimulation to determine the 
cortical areas that functionally represent the distal contralateral forelimb. Prior to 
perfusion, animals received a similar cortical mapping procedure of the primary motor 
cortex. During this second cortical mapping, it was found that the lesion site had no 
functional response when electrically stimulated (Nudo and Milliken, 1996). This data 
suggests that following an ischemic stroke the recovery of function to affected areas is 
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not due to a neuronal functional state, or regeneration of neurons in the site of the lesion, 
but a functional reorganization and plasticity of near by cortical regions. 
In a second study investigating reorganization to the ventral pre-motor cortex 
(PMV) following an ischemic lesion to the hand representation area of M1 in non-human 
primates, it was found that there was substantial enlargement of the hand representation 
area in the ipsilateral PMV 12 weeks after creation of the infarct (Frost et al., 2003). It 
was also found in this study that increased area of hand representation in the ipsilateral 
PMV is directly proportional to the size of the in M1. However, the stimulation 
thresholds in PMV that evoked a movement response in the hand during the final cortical 
mapping were not any different from what was observed in the M1 motor cortex (Frost et 
al., 2003). This finding suggests that the PMV may have established direct corticospinal 
tract connections to induce motor movements following stimulation. Furthermore, the 
findings of this study suggest that in animal models of cortical ischemia in the primary 
motor cortex, there exists some level of cortical reorganization that likely underlies the 
recovery of motor function following ischemic damage.  
In addition to this work in animal models of ischemia, there are many 
neuroimaging and non-invasive investigations in human stroke patients that suggest there 
are functional adaptations of the cortical regions adjacent to the area damaged by an 
ischemic episode (Cao et al. 1994; Cramer et al. 1997). In these two human studies, as 
well as animal studies, it was found that while there is a degree of recovery it did not 
reach the same level of functioning as before the stroke (Friel and Nudo 1998; Gowland, 
1987). However, endogenous cortical reorganization following ischemic damage to the 
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motor cortex did allow for some level of functional recovery. Ideally, with a combination 
therapy of rehabilitation exercises and pharmacological agents following an ischemic 
stroke in humans, a higher level of functional recovery can be achieved. 
Current Therapeutic Options Following Stroke 
Unfortunately, there are only a limited number of therapeutic options for patients 
who are recovering from a stroke. Following an ischemic stroke, the only current FDA 
approved treatment following a stroke is tissue plasminogen activator (tPA). tPA is an 
anti-thrombotic agent that works by dissolving the thrombus or clot and improves blood 
flow to the region of ischemia. This treatment method is only effective if administered 
within the first three to four hours following an ischemic insult or stroke, most patients 
are not able to receive the tPA treatment within that narrow effective therapeutic window. 
In many cases, patients experience significant residual impairment following stroke, with 
or without treatment with tPA. Previous attempts to translate effective treatments in 
rodents to humans have been unsuccessful (O’Collins et al, 2006). Therefore there is a 
critical need for a therapeutic agent that facilitates functional recovery following an 
ischemic infarct with or without treatment with tPA. 
In addition to tPA, administration of statin drugs at onset of a stroke, or within 72 
hours following stroke onset have shown to be beneficial to patients and helped improve 
functional outcome (Chróinín et al., 2013). Hydroymethylglutaryl-CoA reductase 
inhibitors or statins have proven to be an effective treatment option for the prevention of 
stroke and other acute coronary events (Amarenco et al., 2004). In addition to their lipid-
lowering effects, statins are also present with vasodilatory effects, antithrombotic, anti-
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inflammatory and antioxidant actions (Chróinín et al., 2013). Animal models have shown 
that treatment with statins either before, or shortly following cerebral artery occlusion 
results in a reduced infarct volume and improved function (Sironi et al., 2003).  
Beyond the treatment with pharmacological agents including tPA and statins 
following a stroke, current stroke rehabilitation plans often include multiple complex and 
integrated components, working together to give the patient the best outcome possible 
(Langhorne et al., 2011). As with pharmacological interventions, stroke rehabilitation 
efforts should begin as soon as possible following the stroke to provide the patient with 
the best outcome and greatest recovery of lost functioning (Bernhardt et al., 2009). Stroke 
rehabilitation is typically provided by a multidisciplinary team of rehabilitation experts, 
including a physician, nursing staff, physical therapists, speech therapists, and social 
workers (Langhorne et al., 2011). Rehabilitation efforts are diverse and can vary from 
patient to patient, and in conjunction with pharmacological intervention directly 
following stroke, patients have benefited from a combination therapy including physical 
therapy sessions that promote the use of the affected limb or muscles, the use of orthotic 
devices to help improve the patient’s mobility, and the use of robotic-assisted devices to 
help patients re-learn complex motor tasks like walking. Patients with more severe 
impairments may also receive rehabilitation training in speech therapy, therapy to help 
improve mental tasks like motor imagery, and music therapy have all been found to be 
effective in improving a patient’s recovery following stroke (Langhorne et al., 2011). In 
addition, mirror therapy has also been found to improve motor function and reduce pain 
in patients (Langhorne et al., 2011; Thieme et al., 2013).  
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While there have been major advances in rehabilitation efforts for patients 
recovering from a stroke, current treatment and rehabilitation efforts cannot help every 
stroke patient recover their lost functioning. Further research is still necessary to identify 
more effective pharmacological treatments and rehabilitation programs to provide 
patients with the best possible outcome following a stroke. The mechanisms that drive 
recovery of function following a stroke need to be further investigated in humans, so 
clinicians can better understand the healing process of the brain following ischemic 
damage. In turn, with this knowledge more effective rehabilitation plans can be 
developed.  
In a rhesus monkey model of ischemia, treatment with CNTO 0007 was shown to 
improve motor functioning on the hand dexterity task (Moore et al., 2013). As a potential 
pharmacological treatment, in combination with a personalized rehabilitation and 
physical therapy could provide patients with an improved recovery following a stroke. 
However, the cortical areas of reorganization and the precise mechanisms underlying 
recovery remain unclear. While many studies have utilized electrophysiological mapping 
of cortical area to determine areas of re-organization, the current study employed a novel 
approach for identifying areas of reorganization. This study investigates c-Fos expression 
as a possible marker of activity in the cortical areas controlling the recovery hand.  
Overview of c-Fos 
In the present study, following recovery of fine motor function after stroke 
monkeys were behaviorally tested just prior to their perfusion (Moore et al., 2013). This 
final testing session would result in the neurons now controlling the impaired hand to be 
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activated. It is hypothesized that these activated neurons would express the c-Fos protein 
and therefore processing the brain tissue would allow for localization and quantification 
of c-Fos expressing neurons would provide insight into the cortical regions underlying 
the recovery of function observed in these animals. 
C-Fos is a proto-oncogene that is translated during neuronal activation, leading to 
a transient upregulation of c-Fos protein. The c-Fos gene possesses two distinct calcium 
detectors. Calcium influx through L-type voltage dependent Ca2+ channels induces CREB 
phosphorylation via a CAM kinase pathway, which induces c-Fos expression via a CRE 
recombinase. Signals through the ligand gated Ca2+ channel or NDMA receptor result in 
activation of the MAPK signal transduction pathway that target SRE to regulate c-Fos 
expression (Kovacs, 1998). These two distinct methods of calcium detection are thought 
to respond to different pools of calcium, CRE responds to nuclear calcium levels, while 
SRE is triggered by an increase in cytoplasmic calcium (Kovacs, 1998). These two 
distinct systems allow different synaptic inputs that may influence nuclear or cytoplasmic 
calcium levels differently, to differentially regulate c-Fos expression. Special aspects of 
Ca2+ signaling may therefore influence c-Fos gene expression; distal excitatory synapses 
that elevate a local Ca2+ pool activate the SRE-mediated expression. Proximal inputs that 
increase nuclear Ca2+ levels will activate both CRE and SRE mediated transcription of c-
Fos (Kovacs, 1998). With activation of both SRE and CRE mediated transcription, there 
is an elevated possibility for c-Fos transcription and activation.  
Activation of c-Fos transcription as a result of calcium influx through voltage 
gated calcium channels during depolarization makes the presence of c-Fos protein a 
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viable marker for neuronal depolarization. Due to the fact that c-Fos protein transcription 
results from calcium influx that occurs during depolarization and activation of a neuron, 
c-Fos expression can be detected in neurons that were activated and firing action 
potentials. In addition to labeling recently active neurons, c-Fos expression is upregulated 
with neuronal activation; therefore more actively depolarizing neurons will express c-Fos 
more densely in their soma when compared to neurons that were less active. Since the c-
Fos protein is expressed in cells that are actively firing action potentials, the expression 
of the protein increases with an increased level of activation. Therefore, c-Fos may serve 
as a useful marker for neuronal activation.  
By quantifying and comparing the number of neurons expressing c-Fos protein in 
the dorsal pre-motor cortex both ipsilateral and contralateral to the lesion site, this study 
aims to determine the primary site of cortical reorganization resulting from an ischemic 
lesion to the hand representation area of the primary motor cortex.  
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METHODS 
Subjects: Tissue from eight young adult male rhesus monkeys (M. mulatta) were 
used in this study. The monkeys ranged from 5-10 years of age (approximately equivalent 
to humans from 15 to 30 years of age, Tigges et al., 1988) and were obtained from the 
Caribbean National Primate Research Center. Prior to entering the study, all monkeys 
received medical examinations that included serum chemistry, and urine and fecal 
analysis. Health records were screened to exclude monkeys with a history of 
malnutrition, chronic illness, diabetes, neurological diseases or chronic illnesses. All 
monkeys were given initial pre-operative MRI scans to ensure there was no occult brain 
abnormality. 
Once enrolled in the study the monkeys were housed in the Laboratory Animal 
Science Center of Boston University Medical Campus which is AAALAC accredited. 
Experiments were conducted in accordance with the guidelines of the NIH Committee on 
Laboratory Animal Resources and with the approval of Institutional Animal Care and 
Use Committee (IACUC) of the Boston University Medical Campus. 
Pre-operative Training on Fine Motor Function Testing: Monkeys were pre-
trained on the Hand Dexterity Task (HDT) for a total of 15 days (Monday, Wednesday 
and Friday each week for 5 weeks). All monkeys in each group received the same amount 
of pre-operative training on the task (15 days). The HDT is a modified version of a 
Kluver board (Kluver, 1935) which requires the subject to precisely control the digits, 
specifically apposition of the thumb and finger, to retrieve small food rewards from two 
different sized wells. Both wells were 1cm deep, one large (25 mm wide) and one smaller 
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(18 mm wide). Time to retrieve was recorded by photocells and the tester recorded a 
successful retrieval of the food reward. The HDT has been used to assess fine-motor 
function of the hand and digits with young and middle-aged rhesus monkeys in this non-
human primate model of cortical ischemia (Moore et al, 2010; 2012). More detailed 
description of the task and apparatus are described in Moore et al., 2010.  
Each test day consisted of 32 trials divided into 16 trials for each hand and further 
subdivided into 8 trials for each of the two wells. The trials for right and left hands and 
for each well were presented in a pseudorandom, counter-balanced fashion to eliminate 
any order effects. Each animal was given 30 seconds to complete a trial. If a monkey 
could not or would not complete an individual trial in 30 seconds, or if an animal 
removed its hand from the apparatus without retrieving the reward, the trial was 
terminated and monkey given one additional opportunity to complete that trial. If the 
second attempt failed, a non-response was recorded, the animal’s difficulties were noted 
in the study record and the next trial was initiated.  
Hand Preference: At the completion of pre-training on the HDT, free choice 
trials were administered with both sides of the apparatus accessible and baited to 
determine which hand was the “preferred” or dominant hand. This assessment was also 
compared with the pre-operative acquisition rates for each hand. Based on this 
assessment, the ischemic lesion was targeted to the hemisphere controlling the dominant 
hand to ensure that even with impairment, monkeys would be motivated to use the 
impaired hand during post-operative testing. 
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Group Assignment and Blinding: After the completion of pre-training, animals 
were randomly assigned in a balanced fashion to receive either the therapeutic treatment 
or vehicle / placebo based on pre-operative performance (latencies). Dr. Douglass Rosene 
administered post-operative cells or vehicle. All other personnel involved in the study, 
(surgeons, technicians, behavioral testers, etc.), were kept blind to the assignment during 
surgery and all post-operative testing and assessment including tissue harvest and 
processing.  
Electrophysiological Mapping of the Motor Cortices and Lesion of the Hand 
Area in M1: To induce reproducible cortical ischemic damage and motor deficits, an 
ischemic lesion was localized to only the representation of the dominant hand in the 
primary motor cortex area M1. All surgical procedures were carried out under aseptic 
conditions. Animals were sedated with Ketamine hydrochloride (10 mg/kg) and 
anesthetized with intravenous sodium pentobarbital (15-25 mg/kg) to effect. Heart rate, 
respiration, oxygenation and muscle tonus were monitored to ensure physiological 
homeostasis and a safe surgical level of anesthesia. The head was stabilized in a 
stereotactic apparatus, and a midline incision was made followed by reflection of the 
temporalis muscle. A bone flap over the frontal and parietal lobes was removed in one 
piece and the dura incised to expose the motor cortex.  
To map the hand representation of the dominant hand, the central and arcuate 
sulci were visualized and a calibrated photograph was taken and printed. The hand area 
of M1 was then mapped using electrical stimulation delivered through a small monopolar 
silver ball electrode that was placed gently on the pial surface and moved systematically 
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in rows from the dorsal aspect of the pre-central gyrus towards the ventral aspect of the 
sulcus. This map of the hand area was transcribed onto the calibrated photograph of the 
cortex. A surface electrode was then used rather than sharp electrode penetration of the 
cortex (e.g. Nudo and Milliken, 1996) in order to avoid damaging the motor cortex 
outside of the hand representation in M1 
During cortical mapping stimulation sites were spaced 2 mm apart (anterior to 
posterior) in rows and each row was separated from the next by 2 mm (ventral to dorsal). 
Monopolar stimulus pulses of 250 µsec in duration at amplitudes from 2.0 to 3.0 mA 
were delivered once every 2 seconds either as a single pulse, or in a train of 4 pulses 
delivered over 40 msc at a rate of 100 Hz. Non-responsive sites were further tested with a 
200 Hz train consisting of 4 or 8 pulses of 2 msec duration delivered over 20 or 40 msec 
respectively. The intensity of the motor response in the hand and digits was graded on a 
scale of 1 to 5 (barely visible to maximal). Specific stimulation sites with the lowest 
threshold and highest motor responses were marked on the calibrated photograph creating 
a cortical surface map of the hand area which was used as a reference to guide for the 
ischemic lesion. Since the hand representation is known to extend down the rostral bank 
of the central sulcus, the sulcus was opened down to the fundus along the length of the 
gyral hand representation by microdissection with a small glass pipette and blunt 
periosteal elevator taking care to leave the somatosensory areas on the posterior bank 
intact. The hand area in the sulcus was not electrophysiologically mapped with the 
electrode to avoid inadvertent damage to the somatosensory areas on caudal bank of the 
central sulcus as this mapping would require prolonged retraction. 
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Using the cortical map and the adjacent exposed sulcus, ischemic damage was 
produced by making a small incision in the pia at the dorsal limit of the cortical area 
representing M1. A small glass suction pipette was then inserted under the pia and used 
to bluntly transect the small penetrating arterioles as they enter the underlying cortex. 
Suction and irrigation with sterile saline was sufficient to staunch any bleeding and 
maintain a clear field all the way down to the fundus of this sulcus. This approach 
removes the blood supply to the cortex of the mapped hand representation region, 
producing an ischemic lesion of the gray matter that degenerates down to the underlying 
white matter. 
After the lesion was made and any bleeding stopped, the dura was closed, the bone flap 
was sutured back in place using small burr holes placed in the flap and skull the muscle, 
fascia and skin were closed in layers. Immediately following surgery, antibiotics and 
analgesics were administered and the primates were kept in an incubator and monitored 
continuously until they recovered from anesthesia. They were then returned to their home 
cage and monitored continuously until fully awake and able to feed and drink. For the 
next 3-7 days animals were given analgesics (as needed) and monitored regularly for any 
signs of infection or complications.  
CNTO 0007 Infusion: Intravenous administration of CNTO 0007 was completed 
between 23 and 24 hours following surgery. Sample preparation was conducted using 
standard tissue culture protocol. Cells were removed from liquid nitrogen storage, thawed 
and assessed for viability. They were then aliquoted into a sterile syringe and 
administered intravenously at a concentration of 10M cells / ml and a rate of 0.5ml per 
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minute using a syringe pump. The total dose per animal was 10M cells / kg. The vehicle 
was administered at the same volume and rate. The start-time and stop-time of the 
infusion was recorded. Respiratory rate and oxygen saturation were monitored during the 
infusion.  
Post-operative Testing: Post-operative testing on the HDT began two weeks 
after surgery and continued for 12 weeks. Testing on the HDT was conducted on 
Monday, Wednesday, and Friday of each week. However, the hand use requirement was 
altered so that 70% of the trials needed the use of the impaired (contralateral to the 
lesion) hand while 30% were given to the unaffected hand. Since the testing apparatus is 
designed so that the monkey must use only the left or the right hand in the left and right 
side of the apparatus respectively, the greater percentage of trials given to the impaired 
hand ensures that the monkey uses their impaired hand. This forced use of the impaired 
hand is similar in nature to constraint-induced therapy as used in human rehabilitation 
strategies following brain injury which forces use of the impaired limbs. At the same 
time, the 30% of trials were given to the unimpaired hand to provide sufficient rewards to 
maintain the primate’s motivation and sufficient data to demonstrate that effects are not 
due to generalized changes in motivation or motor function. Each animal was given 30 
seconds to complete a trial as in post-operative training. Testing continued for 12 weeks, 
the time estimated for control subjects to achieve asymptotic stable performance. 
Pre-perfustion Testing: Three hours prior to the onset of perfusion, monkeys 
were tested in the HDT for one hour with the only the impaired hand under the same 
conditions as their post-operative testing. It is hypothesized that this testing activates the 
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neurons now controlling the impaired hand and therefore will express c-Fos that can then 
be revealed by immunohistochemistry and then quantified with stereology. 
Perfusion and Tissue Processing: For perfusion-fixation of the brain, monkeys 
were deeply anesthetized with IV sodium pentobarbital (25mg/kg to effect) and were 
killed by exsanguination during transcardial perfusion of the brain, first for no more than 
5 minutes with 4 degree C Krebs buffer at pH 7.4 and then with 8 liters of 4% 
paraformaldehyde, pH 7.4 over 10 minutes to completely fix the brain. The brain was 
then photographed, in situ, with the photograph aligned in the perspective of the cortical 
map used to create the lesion. Then the brain was blocked, in situ, in the coronal plane to 
ensure reproducible planes of section during later processing. It was removed from the 
skull, weighed and post-fixed overnight in 4% paraformaldehyde for no more than 18 
hours. It was then transferred to cryoprotectant solution to eliminate freezing artifact 
(Rosene, et al., 1986). Cryoprotected blocks were flash frozen and stored at -80 degrees C 
until they were cut on a microtome into interrupted series of coronal sections (eight series 
of 30 μm thick sections and one 60 μm thick series, spacing between sections within a 
series of 300 μm). The 60 μm series was immediately mounted on microscope slides and 
stained with thionin for lesion reconstruction.  
c-Fos Immunohistochemistry: Tissue sections from one series of 30 microns 
sections were thawed and rinsed 3 times for 5 minutes in 0.05M Tris-buffered saline 
(TBS) to remove cryoprotectant. To quench endogenous peroxidases, sections were 
incubated for 30 minutes in 0.05M TBS containing 1% sodium borohydride, followed by 
three 5-min washes in 0.05M TBS. Sections were then incubated for one hour in a 
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blocking solution of 10% Natural Goat Serum (NGS), 0.4% Triton-X solution in 0.05M 
TBS. The sections were incubated for 48 hours with the primary antibody in a solution 
containing 2% NGS, 0.1% Triton-X, and c-Fos (diluted to 1:10,000) (Calbiochem, 
Billerica, MA) in 0.05M TBS. Following incubation with the primary antibody, the 
sections were washed 3 times for 5 minutes each in a stock solution containing 2% NGS, 
0.1% Triton-X in 0.05M TBS, followed by a 2 hour incubation with the secondary 
antibody goat anti-rabbit (1:600) (AbCam Vector Labs, Burlingame, CA) in stock 
solution. The sections were then washed three times for 5-min in stock solution and 
subsequently incubated in an avidin-biotin complex for 1 hour. The sections were washed 
again with three 5-min washes in 0.05M TBS followed by three 5-min rinses in 0.175M 
sodium acetate solution. Sections were then incubated in sodium acetate containing 3-3’-
disminobenzidine (DAB), 3%H2O2, and (%) Nickel (ii) Sulfate to reveal staining. The 
sections were washed 3 times for 5 minutes each in in sodium acetate to stop the DAB 
reaction, followed by 3 rinses for 5 minutes each in 0.05M TBS. Finally sections were 
mounted onto gelatin-coated slides, air dried, and cover-slipped with Permount mounting 
medium (Thermo Fisher Scientific, Waltham, MA). 
Stereology: Slides were counted on a Nikon Eclipse E600 model light 
microscope equipped with a motorized stage. Cell counting was performed using Stereo 
Investigator 9 32 bit software (MBF Bioscience, Williston, VT). Counting occurred in the 
region of interest (ROI) that included the dorsal pre-motor cortex bilaterally in all 
subjects (see fig. 1). The dorsal pre-motor cortex was sampled every tenth section from 
its first appearance near the rostral aspect of the superior limb of the arcuate sulcus, past 
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the region of the arcuate sulcus to its disappearance at the rostral aspect of M1. Following 
delineation of the dorsal pre-motor cortex with a 4× objective to ensure anatomical 
accuracy and an adequate number of sampling sites in the whole dorsal pre-motor cortex, 
counting was performed with a 40× objective. The dissector height was set at 15  μm, and 
guard zones of 2  μm ensured the exclusion of lost profiles on the top and bottom of the 
section sampled. The estimated total number of c-Fos positive neurons in the dorsal pre-
motor cortex was calculated based on the following formula: N=Q−×1/ssf×1/asf×t/h 
(West, 2002), where N is the estimate of the total number of cells, Q− is the number of 
objects counted, ssf is the section sampling fraction, asf is the area sampling fraction, and 
t/h is the actual section thickness divided by the height of the dissector. Two to three 
hundred cells (the whole dorsal pre-motor cortex) were counted to generate the 
stereological estimates. Gundersen coefficients of error (CE) were less than 0.1. 
Cells were counted when their stained nuclei came into focus within the frame, 
but not touching the forbidden sides of the counting frame. Among the c-Fos positive 
nuclei classified as neuronal, counted nuclei were classified into one of two categories 
based on their density of staining as determined by visual inspection. The two categories 
were “fully activated” or darkly stained and “partially activated” or lightly stained (see 
fig. 2). For fully activated neurons, the neuronal soma was completely filled with dark 
black reaction product. For partially activated neurons the soma was completely or 
partially filled with light grey reaction product. Identified neurons classified into one of 
the two staining categories were marked separately by the experimenter and counted 
automatically by the computer system and exported to a spreadsheet for analysis. 
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Data Analysis and Statistics: To evaluate the data, subjects were grouped into 
their respective groups as either “control” or “treatment.” Stereological estimations of 
total activated neuron counts were averaged within each group, along with the 
estimations for fully activated neurons, and partially activated neurons, group means 
were taken for these three categories. A two-tailed independent sampled t-test was 
performed to compare group means for each count. All data is represented as means + 
SEM. 
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Figure 1 Schematic Representation of Dorsal Pre-motor Cortex and Primary Motor 
Cortex: This illustrates the region of interest for stereological quantification of c-Fos 
immunoreactive neurons. Stereological counts were performed in the dorsal pre-motor 
cortex bilaterally for all subjects. The sagittal image (B) represents the region of the brain 
covered by the serial frontal sections (A 1-5); the furthest rostral slice is at the rostral 
aspect of the superior arcuate sulcus, and the furthest caudal slice is at the rostral aspect 
of the primary motor cortex. The region of interest spanned an average distance of 17,000 
μm from the farthest rostral section to the furthest caudal section. (Abbreviations: arsp: 
arcuate sulcus spur, cd: caudate, cc: corpus callosum, iar: inferior arcuate sulcus, lf: 
lateral fissure, ps: principal sulcus, pu: putamen, sar: superior arcuate sulcus.) 
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Figure 2 Differential Levels of c-Fos Expression: This illustrates the range of c-Fos 
immunoreactive nuclei that were observed with the “ideal” criteria that were used to 
differentiate neurons as “fully activated” or “partially activated” as described in the text. 
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RESULTS 
Neuron Estimates in the Ipsilesional and Contralesional Hemisphere: The 
number of activated neurons, partially activated neurons, and total activated neurons in 
the ipsilesional and contralesional hemispheres were calculated for each monkey based 
on the stereological formula described in (West, 2002). Separate Student’s t-tests were 
used to compare the estimated number of neurons between control group and treatment 
group for partially, fully, and total activated neurons. The results showed a trend towards 
significance [t(6) = -1.516, p = 0.18], for the number of fully activated neurons when 
compared in the ipsilesional hemisphere between control and treatment groups (Table 1 
and Figure 3). However, no additional significant differences were found for the number 
of activated neurons between the treated and control groups in any of the other activation 
categories in either the ipsilesional hemisphere or the contralesional hemisphere (Table 1 
and 2).  
T-tests performed on the data from the ispilesional hemisphere to compare 
partially activated neuron expression between groups did not reveal a significant 
difference between treatment and control groups [t(6) = 0.004, p = 0.997] (Table 1). In 
addition, analysis of the total number of activated neurons between treatment and control 
groups found that the two groups were not significantly different [t(6) = 0.011, p = 0.675] 
(Table 1). 
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Table 1: Neuron Estimates in Dorsal Pre-motor Cortex Ipsilateral to Lesion. 
Animal Number of Fully 
Activated 
Neurons 
Number of Partially 
Activated Neurons 
Number of Total 
Activated Neurons 
CE 
Control     
SMO 14J 23600.34 62072.14 85672.48 0.07 
SMO 18J 50936.05 105486.91 156422.95 0.05 
SMO 20J 46509.89 106738.52 153248.41 0.05 
SMO 22J 36553.03 41002.97 77556.01 0.07 
     
Mean 39399.83 78825.14 118224.96  
SE 6064.69 16332.96 21211.94  
Treatment     
SMO 16J 40094.39 71207.64 111302.03 0.05 
SMO 17J 52802.48 105604.96 158407.42 0.05 
SMO 21J 52364.63 72001.38 124366.01 0.05 
SMO 24J 54108.38 66203.20 120311.58 0.05 
     
Mean 49842.47 78754.30 128596.76  
SE 3270.40 9041.76 10305.04  
T-test 0.18 0.997 0.675  
(Yellow cell signifies a trend toward significance) 
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Figure 3: Neuron Estimates in Dorsal Pre-Motor Cortex Ipsilateral to Lesion: This 
graph illustrates a trend towards significance in expression of fully activated neurons 
between control animals and treatment animals in the ipsilesional hemisphere (p = 0.18). 
There was no significant difference between the expression of partially activated neurons 
(p = 0.997), or the total number of activated neurons (p = 0.675) between the control and 
treatment groups. 
 
When comparing neuron expression in the contralesional hemisphere between the 
treatment and control groups, a two-tailed t-test did not reveal any significant differences 
between groups in the three activation categories. Statistical analysis determined no 
significant difference [t(6) = -0.123, p = 0.906] in the number of fully activated neurons 
in the contralesional hemisphere between treatment and control groups (Table 2). When 
the number of partially activated neurons in the contralesional hemisphere were 
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compared, there was no significant difference detected [t(6) = 0.06, p = 0.954] between 
the treatment and control groups (Table 2). In addition, analysis of the total number of 
activated neurons between treatment and control groups found that the two groups were 
not significantly different [t(6) = 0.009, p = 0.993] (Table 2). This data is also graphically 
depicted in Figure 4.  
 
Table 2: Neuron Estimates in Dorsal Pre-motor Cortex Contralateral to Lesion. 
Animal Number of Fully 
Activated 
Neurons 
Number of Partially 
Activated Neurons 
Number of Total 
Activated Neurons 
CE 
Control     
SMO 14J 27127.48 57127.28 84254.77 0.06 
SMO 18J 74755.71 172335.06 247090.75 0.04 
SMO 20J 61130.89 135655.64 196786.53 0.04 
SMO 22J 34930.89 31013.40 65944.28 0.07 
     
Mean 49486.24 99032.85 148519.08  
SEM 11127.73 33036.80 43774.63  
Treatment     
SMO 16J 35391.20 77418.26 112809.45 0.05 
SMO 17J 45349.61 98666.05 144015.67 0.05 
SMO 21J 72150.98 123458.35 195609.34 0.04 
SMO 24J 51716.13 88295.82 140011.95 0.05 
     
Mean 51151.98 96959.62 148111.60  
SEM 7763.94 9840.48 17283.56  
T-test 0.906 0.954 0.993  
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Figure 4: Neuron Estimates in Dorsal Pre-Motor Cortex Contralateral to Lesion: 
This graph illustrates that there were no significant difference in the expression of fully 
activated (p ≤ 0.906), partially activated (p ≤ 0.954), or total activated neurons (p ≤ 
0.993) between the control and treatment groups in the contralesional hemisphere. 
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Figure 5: Fully Activated Neurons in Dorsal Pre-Motor Cortex: This graph compares 
the mean expression of fully activated neurons between control and treatment groups in 
both the ipsilesional and contralesional hemispheres. While no significant difference was 
observed, there is a trend towards an increased number of fully activated neurons in the 
ipsilesional hemisphere of treatment animals when compared to the ipsilesional 
hemisphere of control animals. The contralesional hemisphere shows nearly identical 
expression of fully activated neurons in treatment and control groups. 
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Figure 6: Partially Activated Neurons in Dorsal Pre-Motor Cortex: No significant 
difference were observed between partially activated neuronal c-Fos expression when 
treatment and control groups were compared in the ipsi- or contralateral to the lesion in 
dorsal pre-motor cortex.  
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Figure 7: Total Activated Neurons in Dorsal Pre-Motor Cortex: There were no 
significant difference between total activated neuronal c-Fos expression when treatment 
and control groups were compared in either ipsi- or contralateral hemispheres. 
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DISCUSSION 
Summary 
 The primary finding of this study was a trend toward significance when 
comparing the number of fully activated neurons in the ipsilesional hemisphere between 
treatment and control animals (Table 1, Figure 3). This finding is intriguing as it is 
supported by the extensive work conducted by Nudo and colleagues (Nudo and Milliken, 
1996; Fridman et al., 2004) who have repeatedly demonstrated evidence of cortical 
reorganization in the dorsal pre-motor cortex following cortical ischemia in the non-
human primate as well as studies using human stroke patients as subjects (Fridman et al., 
2004). The current study was conducted on a small number of animals and perhaps with a 
larger sample size, the difference in c-Fos expressing neurons in the dorsal pre-motor 
cortex may reach significance.  
c-Fos as a Means to Investigate Cortical Reorganization 
Prior to perfusion, monkeys were tested for one hour with only the impaired hand 
on the HDT to promote c-Fos expression in cells responsible for function of the 
recovered motor responses of the impaired hand. Following perfusion and tissue 
processing, tissue sections were processed immunohistochemically for the expression of 
c-Fos protein. As previously mentioned, c-Fos transcription results from calcium influx 
through voltage gated calcium channels during depolarization of neurons (Kovacs, 1998). 
Due to the fact that c-Fos protein transcription results from calcium influx during 
depolarization of a neuron, c-Fos expression can be used to detect neurons that were 
activated during the final testing session.  
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In this study we located neurons activated during the final testing session by 
utilizing immunohistochemical staining for c-Fos protein expression. It is hypothesized 
that neurons responsible for the motor responses in the impaired hand would have been 
activated during testing and therefore increased c-Fos expression will provide evidence of 
reorganization.  
Previous Studies of Cortical Reorganization in: Rodents, Primates, and Humans 
Previous studies have shown that the cerebral cortex is plastic and can be induced 
to reorganize or modify itself through learning, disease or injury in humans and other 
mammals (Kaas, 1991). For example, after learning a motor skill task, the topography of 
the representations in motor cortex of non-human primates is altered where movements 
that are learned are represented in a larger cortical region (Nudo and Milliken, 1996; 
Karni et al., 1998, Kleim et al., 1998). Repetitive motor activity alone is not sufficient to 
produce functional reorganization of the cortex; however, motor skill acquisition or 
motor learning is a required factor to drive functional plasticity in the motor cortex 
(Plautz et al., 2000). A study performed in rats found that neurophysiologic and synaptic 
changes occurred in the primary motor cortex as a result of learning a skilled motor 
activity. Rats trained in a skilled reaching task presented with an expansion in the digit 
and wrist representation areas of the primary motor cortex. There was no expansion 
found in the hind limb representation areas in these animals. Trained animals also 
exhibited significantly more synapses per neuron than control animals in the wrist and 
digit representation areas (Kleim et al., 2002).  
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In human MRI imaging studies performed with string musicians (violinists, 
cellists, guitarists) research has shown that the cortical representation of the digits to the 
left hand (the hand used to finger the strings to produce different musical notes) was 
significantly larger than those in controls (Elbert et al., 1995). The researchers 
demonstrated that cortical reorganization of the digits was closely correlated to the age 
that the subjects began to play their instrument, suggesting that as musicians had more 
experience with their instrument their level of cortical reorganization had increased. 
When compared to animal models of usage dependant cortical plasticity, studies with 
humans have also demonstrated a similar phenomenon of usage based cortical plasticity.  
The previously mentioned studies all demonstrate that cortical plasticity exists in 
healthy brains when studied in common animal models and humans. Learning dependent 
changes in the brain are common, and cortical reorganization and plasticity occur in 
many insistences including hippocampal learning (Long Term Potentiation) and in 
learning skilled motor tasks. If changes in synaptic strength and cortical reorganization 
can underlie skill learning, it follows that these mechanisms may be responsible for 
recovery from cortical injury in the motor cortex.  
With the advent of non-invasive imaging techniques including, position emission 
tomography (PET) and functional magnetic resonance imaging (fMRI) researchers and 
clinicians are now able to directly study cortical changes that occur following a stroke in 
human subjects (Calautti and Jean-Claude Baron, 2003, Cao et al., 1998). 
Cross sectional imaging studies performed in human subject who were recovering 
from a stroke showed that when performing a simple motor task of sequentially opposing 
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the thumb and fingers, fully recovered patients presented with enhanced bilateral 
activation of motor pathways and recruitment of additional sensory and secondary motor 
areas that are not normally involved in performing the motor task (Calautti and Jean-
Claude Baron, 2003). The two studies were performed with both PET scanning and fMRI 
imaging and reached the same conclusions. All of these studies support the hypothesis 
that cortical reorganization is present in humans during the recovery process following a 
stroke affecting motor cortex. These cross-sectional studies were not able to assess the 
differences between fully recovered and still recovering patients. Longitudinal studies 
(Calautti and Jean-Claude Baron, 2003) however were able to track these differences by 
following patients through their recovery process; these studies were able to measure the 
dynamic changes to the cortical topography as recovery occurred over time.  
The results from the longitudinal studies demonstrated similar findings to those of 
the cross sectional studies. Fully recovered patients in both study models presented with 
over-recruitment of motor and non-motor areas bilaterally when compared to the non-
fully recovered patients (Calautti and Jean-Claude Baron, 2003). The longitudinal studies 
found that over-activation of the contralateral pre-motor cortex occurred late in the 
recovery process, this data was also consistent with cross-sectional studies that were 
performed during the chronic stage following a stroke (Calautti and Jean-Claude Baron, 
2003). Both study models suggested that to promote recovery of the affected hand, there 
was increased recruitment of pre-motor cortical regions bilaterally suggesting that 
cortical reorganization had occurred to compensate for the damaged cortical regions.  
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Longitudinal imaging studies of functional recovery found that increased 
activation on the ipsilateral hemisphere to the lesion was correlated with a lesser degree 
of recovery in motor function (Calautti et al., 2001). This study concluded that activation 
of the ipsilateral hemisphere to the stroke contributed to recovery of function, but it was a 
less efficient method of reorganization than reorganization to the contralateral 
hemisphere. While this study only followed five patients during their post-stroke 
recovery, the results are consistent with findings from a longitudinal fMRI study 
performed in rats (Dijkhuizen et al., 2001). Results from these studies further suggested 
that recovery is “restitution of activation toward the physiological network over time” 
(Calautti and Jean-Claude Baron, 2003). Therefore, any pharmacological or rehabilitative 
interventions that succeed in reactivating the physiological motor network would show an 
ability to significantly improve a patient’s recovery following a stroke. 
An additional study used fMRI imaging to study human patients following a 
stroke (Cao et al., 1998). In this study participants were asked to perform finger to thumb 
oppositions while an fMRI scanner recorded changes in cerebral blood flow, in fMRI and 
PET imaging, an increase in blood flow is associated with activated of neurons (Deiber et 
al., 1991). When the study subjects performed finger to thumb appositions with their 
unaffected hand the contralesional primary motor cortex and pre-motor cortex displayed 
increased blood flow in all subjects. When the same movements were performed with the 
affected hand, activation was observed in multiple brain areas including the 
contralesional primary motor cortex, pre-motor cortex bilaterally with an increased 
incidence of contralesional pre-motor cortex activation, there was also slight activation of 
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the ipsilesional primary motor cortex in some patients (Cao et al., 1998). In this study, the 
stroke in one patient did not affect the primary motor cortex, so finger oppositions to the 
affected hand activated contralateral primary motor cortex as it did in unaffected 
individuals, however this subject presented with activation in the ipsilateral pre-motor 
cortex that was 12 times larger than control subjects. The subjects in this study presented 
with a wide variety in activation patterns, but this can be attributed to the uncontrolled 
nature of the study. Each subject enrolled in this study had suffered from a stroke that 
affected different regions of their brain, the strokes also varied in size and severity. 
Patients in this study also received various levels of medical care following their stroke; 
some patients received tPA immediately following the onset of stroke, while others did 
not receive such acute stroke care (Cao et al., 1998). Despite the uncontrolled nature of 
the study, it does make a compelling argument to demonstrate the plasticity of the human 
brain following injury. When recovering from a stroke affecting the primary motor 
cortex, the human brain through its plastic nature will reorganize so motor control is 
taken over by neighboring regions including pre-motor cortex and the unaffected primary 
motor cortex. This reorganization and plasticity is the neuronal basis behind the 
functional recovery observed during the recovery of a stroke patient recovery following 
neuronal damage resulting from a stroke. 
Function and Neuroanatomy of the Pre-motor Cortex 
The pre-motor and primary motor cortices are located in the caudal aspect of the 
frontal lobe in both primates and in humans. This caudal section, which is also called the 
agranular frontal cortex, is histologically characterized by the complete lack of granular 
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cells in the cortex (Rizzolatti et al., 2001). This agranular cortex, or motor area can be 
subdivided into several distinct motor areas based on the varying cytoarchitecture 
between regions. The primary motor cortex lies in the most caudal aspect of this motor 
area, and is often referred to as Brodmann area 4. Rostral to the primary motor cortex lies 
the pre-motor cortex or Brodmann area 6, which occupies the remainder of the agranular 
frontal cortex.  
In addition to their histological cytoarchitecture, the agranular cortex can be 
subdivided based on their connectivity. The caudal area, or primary motor cortex, 
receives most of its input from the parietal lobe, while the rostral areas, or pre-motor 
cortex, receives its main cortical input from the pre-frontal cortex (Rizzolatti et al., 2001). 
The pre-motor areas send axons to the primary motor cortex, in addition to their diffuse 
connections with other motor areas (Luppino et al., 1993). In contrast to the pre-motor 
cortex, the primary motor cortex sends direct projections to the spinal cord (Luppino et 
al., 1993; Keizer and Kuypers, 1989; He et al., 1993). From this data, it appears that the 
pre-motor area and the primary motor cortex have two different roles in executing motor 
function. The primary motor cortex receives a wealth of sensory information from the 
parietal lobes, and some visual information as well; the primary motor cortex then 
executes a motor action based on this sensory information while the pre-motor cortex 
receives higher order cognitive information related to motor planning and motivation 
from the pre-frontal cortex to decide what motor action to execute.  
The pre-motor cortex does not have any direct projections to the spinal cord while 
the primary motor cortex does directly send projections to the spinal cord to control 
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motor function. This suggests that the pre-motor area is responsible for planning a motor 
action. The pre-motor cortex then sends signals to other motor areas including: thalamus, 
striatum, cingulate cortex, and parietal cortex among other regions (Luppino et al., 1993). 
The pre-motor cortex sends signals to these diffuse brain regions to ultimately signal the 
primary motor cortex to execute the planned motor movement. While the direct 
connections from the parietal and occipital lobes to the primary motor cortex relay 
sensory information that have the potential to initiate “instinctive” movements such as a 
baseball player swinging his bat at a pitchers fastball. In this example the player is using 
the visual stimuli of the baseball to execute a motor reaction of swinging his bat in an 
attempt to strike the baseball. Where a planned motor movement involving the pre-motor 
cortex would involve a person reaching or a cup, the motor action must be controlled and 
accurate to avoid spilling the liquid. 
Performing a fine motor task like grasping a small object, an individual must be 
able to control their hand and finger movements with a high level of dexterity and skill. 
Voluntary control of fine motor movement is controlled by the primary motor cortex, 
lesions to this area result in force deficit, impairment to fine motor control, and muscle 
flaccidity (Fogassi et al., 2001). In addition to the execution of fine motor movements, 
grasping an object requires an individual to transform the physical properties of the 
object from a visual stimulus to a motor action; the PMV is believed to be responsible for 
translating visual stimuli into a motor action (Rizzolatti et al., 2001). Located ventrally to 
the inferior limb of the arcuate sulcus, the PMV contains movement representation of the 
hand and mouth as found in electrical stimulation studies (Rizzolatti et al., 1988). 
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Consistent with the theory that the pre-motor areas are responsible for motor planning, 
single neuron recording studies have shown that neurons in the PMV code for a whole 
motor action rather than individual movements that make up an action (Rizzolatti et al., 
1988). Neurons of the PMV were subdivided by the action that was performed in 
response to their activation, neurons fired weakly or not at all when a similar action to the 
effective action was performed. For example, a neuron that activated during finger 
movements involved in grasping an object were not active during finger movements 
performed for scratching (Rizzolatti et al., 1988). This evidence further supports that the 
ventral pre-motor area is responsible for the planning of motor actions, not the execution 
of individual muscle contractions. Instead, the pre-motor area plans the action then sends 
“orders” to the primary motor cortex to initiate the necessary muscle contraction to 
execute the motor action.  
While the ventral pre-motor cortex is mainly responsible for object observation 
and planning of hand-object interaction, the dorsal PMD is responsible for motor 
planning of the arm to specific locations in space (Hoshi and Tanji, 2000). Located dorsal 
to the superior limb of the arcuate sulcus and extending down into the central sulcus, 
stimulation of the dorsal pre-motor cortex can elicit a motor response, typically 
consisting of slow and complex movements of the arm. However the stimulation levels 
required to elicit a motor response had to be much higher in the dorsal pre-motor cortex 
than those typically used to elicit a motor response in the primary motor cortex (Luppino 
et al., 1991). Beyond these electrophysiological studies, behavioral data has shown that a 
large number of neurons in the PMD fire action potentials well in advance of the 
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initiation of movement (Matsuzaka et al., 1992). Ultimately, it was determined that PMD 
neurons become active upon presentation of an object that can be a target of action by the 
subject. Neuronal activation is independent of object shape, location, or size. Some 
neurons in PMD were inhibited upon object presentation, but increased in activation 
when the object entered the reaching distance of the monkey (Rizzolatti et al., 1990). 
This study concluded that neurons in the PMD modulate their firing or action potentials 
depending on if an object can be grasped or not. 
Primary Motor Cortex Reorganization to the Pre-motor Cortex 
 The primary motor cortex (M1) is not the only cortical region that controls motor 
output. Motor representations are found in other cortical areas, such as the pre-motor 
cortex. As previously discussed, the pre-motor cortex receives input from the pre-frontal 
cortex and sends projections to the primary motor cortex and other areas (Luppino et al., 
1993). It is therefore hypothesized that the pre-motor cortex plays a role in decision 
making and planning of motor actions based on the input it receives from the higher 
cognitive areas in the pre-frontal cortex. The pre-motor cortex receives input from higher 
cognitive areas and then influences the primary motor cortex to fire action potentials, 
initiating individual motor actions. A recent study suggests that the pre-motor cortex 
plays a major role in the recovery of motor function following a lesion to M1 (Liu and 
Rouiller, 1999). In this study animals were given lesions to the hand area of M1 primary 
motor cortex and then allowed a period of 3-4 months for recovery of motor function. 
Following this period of recovery animals were given injections of muscimol to 
inactivate various regions of the cortex. Injections to the M1 hand area produced no 
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effect, however injections to the ipsilesional pre-motor cortex reinstated the deficit in 
manual dexterity (Liu and Rouiller, 1999). This data suggests that cortical reorganization 
of the lesion area of M1 occurred in the pre-motor cortex and subserved recovery of 
function that resulted from the damage to M1. 
An additional study has demonstrated that the pre-motor cortex becomes 
physiologically and anatomically altered following damage to M1. It was found that the 
ventral pre-motor hand representation area expanded following damage to the hand 
representation area of M1, the extent of the expansion of pre-motor areas was 
proportional to the extent of the ischemic lesion to M1 (Frost et al., 2003). It was also 
found that lesions to M1 resulted in reorganization and alteration of axonal projections 
from the ventral pre-motor cortex. Normally projections from the ventral pre-motor 
cortex terminate in the primary motor cortex M1, since this area was damaged, these 
ventral pre-motor axons terminate in novel cortical regions including somatosensory 
cortex. M1 normally sends some projections to the somatosensory cortex, so it remains 
possible that in response to damage or a lesion to M1, the pre-motor cortices rewire their 
axonal projections to assume the function of the damaged M1 cortex (Dancause et al., 
2002). 
Ispilateral Dorsal Pre-Motor Cortical Reorganization Following Ischemic Damage 
to Primary Motor Cortex 
As previously discussed, following ischemic damage to the primary motor cortex 
(M1) in animals and humans, return of functional use of the affected limb is coupled with 
reorganization of the cortex (Johansson, 2000; Nudo and Milliken, 1996; Frost et al., 
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2003). The results of this study suggest a trend towards significance between the treated 
animals and controls (Figure 3), and that there could be an increased level of cortical 
reorganization in the ipsilesional dorsal pre-motor cortex. Considering the direct 
projections from dorsal pre-motor cortex to the primary motor cortex previously 
discussed, it can be hypothesized that damage to the primary motor cortex induced 
neurons in the ipsilateral dorsal pre-motor cortex to form new synaptic connections. 
These new synaptic connections from the dorsal pre-motor cortex are the likely 
explanation for the recovery of motor function following ischemic damage.  
The stem cell therapy product, CNTO 0007 facilitates an improved level of 
functional recovery described in Moore, 2013, not by replacing damaged tissue in the 
lesion site, but by secreting various growth factors. The cellular component of CNTO 
0007 was assessed in a rat model of focal ischemia (Zhang et al., 2011). This study 
reported a significant improvement in treated subjects compared to controls on tasks 
testing performance of fine motor function, and on a modified neurological severity scale. 
In a related study, administration of human umbilical tissue-derived cells (hUTC) 
resulted in improved neurological function and increased cell proliferation, vascular 
density, and synaptogenesis there was also decreased apoptosis in the peri-lesional region 
(Yang et al. 2012). Results from these studies support that the cellular product CNTO 
0007 may enhance angiogenesis, synaptogenesis, neurogenesis, and axonal sprouting in 
the region surrounding the lesion through secretion of growth factors such as brain-
derived neurotrophic factor (BDNF), vascular endothelial growth factor (VEGF), and 
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basic fibroblast growth factor (bFGF) CNTO 0007 may also induce intrinsic parenchymal 
cells to also produce these factors. 
Previous studies have shown that cortical reorganization following ischemic 
injury correlates at the cellular level with dendritic remodeling (Jones and Schallert 1992; 
Buga et al. 2008) axonal sprouting (Carmichael et al. 2005; Li and Carmichael 2006; 
Buga et al. 2008), and angiogenesis (Beck et al. 2000; Marti et al. 2000; Hayashi et al. 
2003; Beck and Plate 2009). Based on these observations, it is hypothesized that the cell 
based therapy product CNTO 0007 does not replace the damaged tissue, but secretes 
growth factors and induces intrinsic parenchymal to also produce growth factors. The 
combination of growth factors from the intrinsic parenchymal cells and CNTO 0007 cells 
enhances angiogenesis, synaptogenesis, neural proliferation from neural progenitor cells, 
and enhances vascular proliferation thus increasing vascular density. 
Future Study Directions 
This study primarily focused on quantifying the degree of cortical reorganization 
to the ipsilateral and contralateral dorsal pre-motor cortex. Previous studies conducted in 
both animal model and with human stroke patients have found that ischemic damage to 
the primary motor cortex can result in reorganization to either the dorsal (Fridman et al., 
2004) or ventral (Frost et al., 2003) pre motor cortices or both dorsal and ventral pre-
motor cortices (Cao, Yue, et al., 1998; Liu Y, Rouiller EM, 1999; Miyai, Ichiro, et al., 
2002). Future work should quantify the degree of cortical reorganization to both the 
contralateral and ipsilateral ventral pre-motor cortex in addition to the contralateral and 
ipsilateral dorsal pre-motor cortex. Quantification of both of these brain regions will 
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allow comparisons to be made between the degree of reorganization in the two brain 
regions and therefore determine what region, if any, contributes most significantly to the 
recovery of function observed behaviorally.  
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